Postganglionic stimulation of vagal terminals (PGVS) in the isolated rabbit heart atrioventricular (AV) node was used to study the effects of cholinergic influence on AV nodal conduction. Standard microelectrode techniques were used to record action potentials, predominantly from cells located in the N region of the AV node. In addition, programmed stimulation was used in conjunction with PGVS to initiate or terminate AVN reentry. The introduction of a single short burst of PGVS (total duration 50 to 100 msec, impulse duration 1 msec, and interimpulse interval 6 msec) with subthreshold amplitude for AV node fibers caused reproducible disorganization of the prevailing excitation front. This was manifest as local nonuniform depression of conduction, hump formations in the action potentials, and alteration in the sequence of depolarization. The introduction of repetitive bursts of PGVS revealed a triphasic time course of changes in AV nodal conduction time, representing initial maximal prolongation, relative shortening, and secondary inhibition. It was found that these phases corresponded to vagally induced initial disorganization and a subsequent rebound process. Vagally induced disorganization of the sequence of action potential depolarization was also a triggering mechanism for concealed as well as manifest AV nodal reentry. In the latter case the reentry circuit usually involved the AN region and perinodal atrial tissue. PGVS-induced depression of the N region was also able to block the retrograde wavefront, thereby terminating reentry. The possible relationship of PGVS-induced disorganization of conduction and the inhomogeneous structure of AV node are discussed. The present results provide additional information for better understanding of the AV nodal conduction abnormalities observed clinically and particularly those related to AV node-vagus interaction. Circulation 74, No. 4, 869-880, 1986. 
PREVIOUS STUDIES'2 in isolated rabbit heart tissue showed that short bursts of postganglionic vagal stimuli (PGVS) introduced in the atrioventricular (AV) node caused transient hyperpolarization, responsible for concomitant prolongation of conduction to the bundle of His. The effects of PGVS were both phase and cycle length dependent, since they reflected the level of residual AV nodal hyperpolarization at the moment of arrival of atrial beats in the AV node. 2 It was also shown that PGVS does not affect similarly all regions of the AV node. For example, AN as well as distal NH cells were less influenced in comparison to the cells in and near the N region. This observation did not reflect the particular position of the small electrode used for PGVS but rather suggested a different density of vagal terminals and/or muscarinic receptors within the AVN node. 2 Consequently, it was important to elucidate how the inhomogeneous effects of PGVS can produce changes in the organization of AV nodal conduction and to what extent PGVS can facilitate initiation or termination of AV nodal reentry.
This study was designed to demonstrate that inhomogeneous distribution of PGVS-induced changes in local conductivity as well as secondary rebound processes were among the major mechanisms responsible for the observed disorganization of AV nodal conduction resulting from vagal stimulation.
Methods
The preparations used and the electrical stimulation and recording methods were similar to those described previously. 2 3 In brief, AV nodal preparations from 10 white New Zealand 869 rabbits weighing approximately 2.5 kg were used. The preparations consisted of the sinoatrial nodal region, the crista terminalis, the interatrial septum, the AV node, and the proximal portion of bundle of His. The preparations were mounted endocardium-up on a 5 mm thick silicone disk and placed in a tissue bath for superfusion at a constant flow of 20 ml/min at 35°C. The Tyrode solution had the following composition (mM): NaCI 128.2, KCI 4.7, CaCL, 1.3, MgC12 1.05, NaHCO3 20.2, NaH2PO4 0.7, dextrose 2 g/liter, pH 7.25 to 7.40. Propranolol hydrochloride (1 mg/liter) was used as a /-adrenergic-blocking agent.
Bipolar surface platinum electrodes were used for recording from the crista terminalis near the posterior input of the AV node, from the interatrial septum near the anterior input of the AV node, and from the His bundle. The AV nodal conduction time was measured as the interval between the crista terminalis and His bundle electrograms. Standard glass microelectrodes with resistance of 20 to 40 MQ1 were used to record action potentials from AV nodal cells. Attention was focused predominantly on the cells located in or near the N region because it was previously found that this region was most affected by PGVS.2 Short bursts (duration 50 to 100 msec) of impulses with intensity subthreshold for the atrial myocardium, pulse width 1 msec, and interimpulse intervals of 6 msec were delivered through a bipolar platinum electrode to produce PGVS in the AV node. 1 The position of the stimulating electrode and the amplitude of stimulation were chosen to produce a moderate effect, i.e., prolonged conduction but not high-grade block over several cycles. The PGVS electrode was placed just outside the N region to permit easier microelectrode impalements. Three different modes of PGVS were used: single burst, repetitive bursts (one in each consecutive cycle), and continuous stimulation with the same frequency of impulses as in the bursts. The burst generator was triggered by the crista terminalis electrogram. 2 The programmed delay after which the PGVS was delivered to the AV node was designated as the "absolute phaseof PGVS.,2 3 The preparations were either beating spontaneously or being driven by electrical stimulation delivered through bipolar electrodes incorporated with the recording surface electrodes at the crista terminalis or interatrial septum. The extrastimulus technique and instrumentation were used in a routine manner as previously described.24
The usual arrangement of the electrograms and action potentials shown in the figures is (from top to bottom): electrograms recorded from the crista terminalis and interatrial septum, action potential(s) recorded from AV nodal cell(s), and the His bundle electrogram. The timing of PGVS is marked by a horizontal bar above the His bundle tracing. The position of PGVS in the cycle was determined by the absolute phase: the interval between the crista terminalis electrogram and the vagal burst.
Results
Changes in the organization of AV nodal conduction after single-burst PGVS of the AV node. In the experiments with single-burst PGVS of the AV node we observed initial prolongation followed by shortening of the conduction time toward normal. In accordance with the phasic character of the effect of PGVS, the maximal prolongation of the conduction time was observed either in the first beat immediately after vagal stimulation when the PGVS was introduced early in the spontaneous cycle, i.e., with a short absolute phase, or in 870 the second beat when the burst stimulation was introduced later in the spontaneous cycle, i.e., with a long absolute phase. These observations characterized the overall effect of vagal stimulation on conduction to the His bundle.3 In addition, PGVS caused abnormal depolarization within the AV node. Figure 1 demonstrates two simultaneous recordings with microelectrodes impaled in the N region of the AV node with an interelectrode distance of approximately 0.3 mm. Two consecutive records are superimposed: the record of the control cycle (unmarked action potentials and unmarked His bundle electrogram) and the record of the cycle in which PGVS was introduced (arrows). Note that the delay in conduction after PGVS was accompanied by changes in the action potential configuration of these two cells. In the first cell (upper action potential), PGVS caused hyperpolarization (arrow) with a decrease in amplitude, duration, and dV/dt (slope of CrTL T_ If\ /01 H --/-FIGURE 1. Inhomogeneous depression of conduction within the N region of the AV node after a single burst of PGVS (horizontal bar above the H tracing, absolute phase 200 msec, duration 100 msec, amplitude 300 ,A). CrT = crista terminalis; H = His bundle. Two records are superimposed: before PGVS (unmarked traces) and after PGVS (arrows). Note the different degree of depression recorded simultaneously in two neighboring N cells (upper tracing, lower tracing), located within 0.3 mm. Only a local response and apparent reentry (curved arrow) were recorded after PGVS from the microelectrode in the cell, represented by the lower tracing, while the other cell (upper tracing) remained in the conduction pathway. See text for details. Calibration: horizontal, 100 msec; vertical, 50 mV (for action potentials).
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LABORATORY INVESTIGATION-ELECTROPHYSIOLOGY phase 0). In the second cell (lower action potential), however, the effect was more marked, with the hyperpolarized membrane (arrow) giving rise to only a local nonregenerative response, followed by a second hump (curved arrow) that appeared after the His bundle electrogram (arrow). The cells in the His region of the AV node (not shown) continued to demonstrate uniform action potentials but were delayed, corresponding to the appearance of the delayed His bundle electrogram (arrow).
Once induced, inhomogeneity of the action potentials engendered by PGVS could be sustained for several consecutive beats. In the example shown in figure  2 , the preparation was driven by stimuli (vertical arrows) applied at the crista terminalis with a cycle length of 450 msec. The action potential was recorded from the N region of the AV node. One basic cycle is superimposed in figure 2 , A (the unmarked action potential and electrograms CrT and H). After the introduction of one PGVS burst with an absolute phase of 150 msec, diastolic hyperpolarization occurred and only a local response was observed (thick arrow). However, conduction through the AV node was not blocked, and the His bundle electrogram occurred with expected delay (arrow) as an alternative pathway was utilized. The hyperpolarization caused by PGVS progressively decreased and after the second beat the membrane potential returned toward control (figure 2, A, curved arrow). However, the action potential subsequently developed two hump formations during the next 14 to 18 cycles after PGVS, as seen in figure 2 , B, which is a continuation of figure 2 , A, at a slower recording speed. As seen in the inset (right side of figure 2 , B, depicting one action potential), the first deflection of the two humps was lower in amplitude and represented antegrade conduction toward the His bundle because its timing was between the crista terminalis and His bundle electrograms. In contrast, the second hump was higher in amplitude (thick arrow) and represented retrograde or delayed activation because it appeared after the His bundle electrogram.
When a second burst of PGVS was introduced similar to that in figure 2, A, but after disorganization was triggered by the first burst, the tracing shown in figure  2 , C, was obtained. In this case, the hyperpolarization immediately after PGVS also caused local block (thick arrow), but the next action potential (thin arrow), although firing from a more negative membrane potential, showed a more normal amplitude and contour. In addition, conduction time to the His bundle was relatively shorter for this beat. In figure 1 . A, The records before PGVS (unmarked tracings) and after PGVS (arrows) are superimposed. Note complete block immediately after PGVS in the impaled fiber (thick arrow), while the His bundle was activated with delay (thin straight arrow). Although PGVS-induced hyperpolarization gradually disappeared, the action potential was divided into two hump formations. B, Two hump formations in the same action potential. The record is a continuation of panel A. The second hump (right, thick arrow) occurred after the H electrogram, suggesting local reentry operating within the AV node. C, A second burst of similar PGVS caused further disorganization with a different pattern. See text for details. Calibration (shown in panel C): horizontal, 100 msec forA, 50 msec for B-right, 500 msec forB-left and C; vertical, 50 mV (for action potentials). into two humps. The first hump in this series of beats appeared before the His bundle electrogram and was associated with progressively increasing amplitude. After four to five cycles the two hump formations in the action potential were again similar in contour to those before the second burst of PGVS (the first action potential in figure 2, C). These patterns were reproducible.
Moreover, these effects of PGVS on action potential depolarization and conduction were also markedly de-871 -H pendent on the underlying conduction properties of the AV node at the time when PGVS was introduced. The example shown in figure 3 demonstrates this relationship. These records were obtained in the same preparation in which two different spontaneous patterns of conduction were observed. The action potential was recorded in panels A and B from the same cell located on the AN-N border between the roof of the coronary sinus and N region of the node. The control cycle and the cycle with PGVS (arrows) are superimposed.
In figure 3 , A, a normal sequence of atrial-AV nodal depolarization is shown. The interatrial septum electrogram occurred after the crista terminalis and before the His bundle electrograms. In this instance PGVS (a burst with 100 msec duration and an absolute phase of
. Variable depression of conduction with similar PGVS. depending on the predominant orientation of the excitation wavefront. In A and B, records were taken from the same preparation and with the same microelectrode impalement within 5 min. IAS -interatrial septum. Other abbreviations and organization as in figure 1 . A, A normal antegrade sequence of activation of CrT, IAS, AV node, and H. PGVS (absolute phase 100 msec. duration 100 msec, amplitude 430 gzA) caused hyperpolarization (arrow) and delayed occurrence of the H electrogram (horizontal arrow). B, Spontaneously initiated retrograde activation of the IAS (curved arrow) followed the inscription of the action potential and H electrogram. Introduction of PGVS similar to that in panel A caused block (arrow) in the impaled cell and, consequently, lack of activation of the IAS. Activation of the His bundle (horizontal arrow) was further delayed. Calibration: horizontal. 100 msec; vertical, 50 mV (for action potentials). 872 100 msec) produced hyperpolarization (arrow) with delayed conduction to the His bundle (horizontal arrow). PGVS did not alter the inscription of the interatrial septum electrogram.
In figure 3 , B, a different pattern of atrial-AV nodal depolarization is shown. which was also observed in the spontaneously beating preparation. The action potential was recorded from the same cell as in figure 3 , A. However, in this case its timing in the crista terminalis-His bundle interval was later. Furthermore. the interatrial septum electrogram (curved arrow) occurred later than both the action potential and His bundle electrogram. This pattern suggested conduction frorn the AV node toward the interatrial septum, with the impaled cell being located in the retrograde pathway. In this instance PGVS, as in figure 3 . A, caused block to this cell. which appeared to represent a cell in the retrograde pathway (arrow in the record of the action potential shows a local response corresponding to the absence of the interatrial septum electrogram). Antegrade conduction was not blocked. although inscription of the His bundle electrogram was further delayed (figure 3, B, horizontal arrow.
Changes in the organization of AV nodal conduction after repetitive vagal stimulation. In all experiments in this study, when PGVS was introduced repetitively, i.e., either as a single burst with a fixed absolute phase once in each consecutive cycle or continuously throughout the cycle for 20 to 30 cycles, an interesting phenomenon was observed: the AV nodal conduction time reached a maximum within the first 1 to 3 beats and then, despite continued PGVS. progessively decreased during the next several cycles, reaching a relative minimum (dip) that was followed by a progressive secondary prolongation toward a steady state. This time course is illustrated in figure 4 (filled circles, filled arrow) for PGVS introduced once in each consecutive cycle. Notably, this phenomenon could be observed for any fixed absolute phase of PGVS as well as with different amplitudes of PGVS (table 1) .
To determine whether the observed phenomenon was caused by relative competition between the action of acetylcholine, released initially, and cholinesterase, we repeated these experiments after the introduction of physostigmine ( 106M). The working hypothesis was that the maximal prolongation of the conduction time (figure 4) should correspond to the predominant action of the initially released acetylcholine, whereas the dip should correspond to the maximal activity of the cholinesterase. The experimental results, however, did not support this working hypothesis. As seen in figure 4 (compare the filled circles, before physostigmine, and the open circles, after physostigmine), the control conduction time was prolonged after physostigmine and the overall effect of repetitive PGVS was more pronounced but showed a similar maximal prolonga-tion after the initial bursts, followed by a dip, which was even more pronounced (open arrow), and a second increase. After PGVS terminated, the conduction time returned toward control (right-hand portion of the curves). We found that the observed "dip" phenomenon corresponded to the transient disorganization of AV nodal conduction caused by PGVS ( figure 5 ). Both cells from which action potentials were recorded were located in the N region of AV node. The changes in conduction time after the initiation of PGVS followed a similar "maximum-dip" pattern as demonstrated in the previous figure, namely, the conduction time (control 80 msec) was prolonged to 105 msec after the first burst, to 112 msec after the second, and then progressively shortened to 100 msec (figure 5) during continued PGVS. The secondary slight increase in the conduction time to 105 msec is not illustrated in figure 5 . At the same time, it was clear that the initial prolongation of the conduction time corresponded to progressive disorganization as suggested by enhanced hump formations in the record of the upper action potential 100  133  151  2  117  133  6  120  136  0  50  500  la  88  100  129  147  2  108  123  7  115  131  150  50  500  2  90  100  103  114  2  94  104  4  98  109  100  50  300  3  83  100  120  145  2  96  116  7  100  120  200  50  350  4  87  100  118  136  2  102  117  6  108  124  150  50  240   4a  86  100  118  137  2  102  119  6  106  123  250  50  200  5  72  100  114  158  1  88  122  2  90  125  350  100  700   5a  70  100  100  143  3  78  111  6  84  120  250  50  700  6  88  100  125  142  1  110  125  3  118  134  400  50  600   7  54  100  70  130  1  62  115  6  66  122  350  50  800   8  100  100  138  138  2  122  122  7  128  128  250  70  260   9  110  100  143  130  2  134  122  8  138  125  100  50  100  10  80  100  113  141  3  100  125  6  105  131  350  50  300  Mean  84  100  117  139  101  120  106  125   SEM  4  0  5  3  5  2 The data from 10 different preparations were used to determine the mean and the SEM. Experiments la, 4a, and Sa were not included in the statistical evaluation using sign test because they were performed on the same preparations as experiments 1, 4, and 5, respectively (with different variables of PGVS). All percentages were calculated as changes from "Basic" (= 100%). figure 4 . The numbers under the H electrogram indicate the CrT-H interval (msec). The records in panels B and C correspond to the framed areas in panel A and were taken when the same experimental procedure was repeated at faster recording speed. Note that the most pronounced hyperpolarization shift was observed immediately after the beginning of PGVS (panel A, curved arrows) although the highest level of hyperpolarization (panel A, vertical arrow) was achieved in the third cycle. Note also the progressive deterioration of the upper action potential into two humps, the second one (panels B and C, arrows) representing possible local reentry. Thus the initial portion of the curves shown in figure 4 could be related to the increasing level of hyperpolarization and accompanying disorganization of conduction during the first several bursts of PGVS. Later, rebound was observed (note the increased rate of phase 4 depolarization during the third and fourth cycles after the beginning of PGVS in panel A), which was accompanied by less disorganization (compare panels C and B) and a relative improvement in conduction. This corresponded to the "dip" in the conduction time curve, similar to the one shown in ( figure 5, A) . A local reentry was also suggested as delayed depolarization of the N cell (upper action potential in figure 5 , B, arrows) occurred after the inscription of His bundle electrogram. During later bursts of PGVS the hump formations in these action 874 potentials were progressively depressed (figure 5, C, upper action potential, arrows). At the same time, figure 5, A, clearly demonstrated that maximal hyperpolarization was observed with the first two bursts of PGVS (note the upper action potential, curved arrows), while subsequent bursts of PGVS caused progressively smaller hyperpolarization shifts. In fact, after the third burst of PGVS the rebound was clearly revealed by the pronounced increase in phase 4 depolarization (vertical upright arrow), which appeared to moderate the hyperpolarization effect of PGVS and moved the membrane potential toward a more positive voltage. The steady state that was achieved during later PGVS (not shown) was characterized by depressed action potential amplitudes, more negative membrane potential than the control, and a slower phase 4 depolarization. Hence, the transient disorganization of conduction in addition to the rebound phenomenon that followed the hyperpolarization induced by PGVS, was apparently responsible for these varied patterns of changes in conduction time during repetitive vagal stimulation.
Relationship between PGVS and AV nodal reentry. It is clear from the above detailed findings that local depression of conduction due to PGVS can cause disorganization of AV nodal depolarization patterns and local reentry within the AVN. It was also possible to demonstrate a relationship between PGVS and manifest AV nodal-atrial reentry. In the example shown in figure 6 , the preparation was beating spontaneously and the upper electrogram was recorded from the interatrial septum input region of the AV node. After 10 spontaneous beats (the last one triggered the record shown in figure 6 ) two consecutive extrastimuli were introduced at the crista terminalis input region (vertical arrows show the timing of extrastimuli). Both extrastimuli were conducted through the AV node with expectedly prolonged conduction times to His bundle (figure 6, A, curved arrows). In figure 6 , B, the same stimulation procedure was repeated but, in addition, one burst of PGVS was introduced 100 msec after the last basic interatrial septum electrogram. This vagal stimulation caused hyperpolarization, step formation in the action potential (horizontal thick arrow), and further depressed conduction to the His bundle of the first extrasystole (curved arrow). The second extrasystole initially caused only a local response in the microelectrode record and was followed by a conducted action potential, delayed His bundle electrogram, and retrograde interatrial septum activation (stars). In the subsequent two cycles a similar pattern of activation was observed. This suggests that conduction was ante- In addition one burst of PGVS (absolute phase 100 msec, duration 50 msec, amplitude 200 ,uA) was introduced in the AV node. It was followed by hyperpolarization and a step formation in the action potential (thick horizontal arrow) recorded after the first extrastimulus. AV nodal conduction was further prolonged in comparison with that in panel A (curved arrow). The second extrastimulus evoked only a local response, followed by a full action potential (star), His bundle electrogram (star), and retrograde IAS electrogram (star). The reentry circuit, which was presumably utilizing perinodal fibers, was operating for several cycles. Abbreviations as in figures 1 grade through the AV node toward the His bundle and retrograde from the AV node to the interatrial septum, which presumably completed the reentry circuit. However, the exact reentry pathway in the AV node remains unknown. In this instance, stimulation of the vagal terminals, together with the conditioning extrastimuli, was able to induce reentry although neither could trigger manifest reentry alone. In contrast, the example in figure 7 demonstrates the effect of PGVS on reentry that was initially triggered Vol. 74, No. 4, October 1986 by an extrastimulus. In this case, after the last basic spontaneous beat figure 7, A) one extrasystole was introduced at the crista terminalis input with a coupling interval of 140 msec (vertical arrow). This earlier stimulation failed to activate the interatrial septum but was conducted with a significantly prolonged conduction time toward the His bundle. Consequently, the interatrial septum was activated (curved arrow) after the antegrade wave had reached the His bundle. The contour changes near the peaks of the action potentials (horizontal arrows) suggest a second wavefront moving retrogradely toward the interatrial septum (curved arrow). Later the depolarization reached the posterior input (crista teminalis, star) and completed the reentry circuit, initiating the next antegrade conduction toward the His bundle. The suggested reentry circuit was recorded in 10 cycles and is demonstrated in the Lewistype diagram at the bottom of figure 7, A.
In figure 7 , B, the reentry circuit was interrupted by an earlier stimulation of the interatrial septum ( figure  7, B, vertical arrow) . Thus, the interatrial septum was now refractory at the moment at which the retrograde wave should have reached the interatrial septum (asterisk) and reentry was not initiated in this instance.
In figure 7 , C, an attempt was made to terminate the reentry, initiated as in figure 7 , A, by PGVS. One PGVS burst was introduced 110 msec after the extrasystole at the crista terminalis input. In this instance only one reentry cycle was recorded in contrast to the sustained reentry movement that was observed in figure 7, A. It is also clear from figure 7, C, that the reentry was terminated by PGVS due to conduction block from the AV node to the interatrial septum (see the local response in figure 7 , C, curved arrow).
By changing the intensity and the timing of the burst of PGVS it was possible to achieve different degrees of modulation of the reentry circuit. In figure 7 , D, PGVS was timed as in figure 7 , C, but with increased intensity. As a result, conduction was observed in only one limb of the reentry pathway: after the activation of crista terminalis (star) conduction was blocked within the AV node. In figure 7 , E, PGVS was introduced with intensity and duration similar to those in figure 7 , D, but earlier as measured from the last basic crista terminalis electrogram. In this instance, one completed reentry cycle (stars) was recorded, similar to figure 7, C, but with a different degree of conduction delay through the AV node (curved arrows). Finally (figure 7, F), when the intensity of PGVS was changed to the lower level used in figure 7 , C, but with the timing early as in figure 7 , E, the amplitude of the action potentials was attenuated but the reentry movement continued. Similar observations were made in six additional preparations. When PGVS was chosen with an appropriate amplitude and timing, it was able to produce local depression of excitability and, as a result, to block conduction, but only in certain directions. One typical example is shown in figure 8 . In this case the nonuniform shape of the basic action potential recorded from a cell located between the AN and N regions ( figure 8 , A, first action potential), suggested an interaction of more than one wavefront within the AV node. One extrasystole ( figure 8, A, vertical arrow) introduced with a coupling interval of 280 msec at the crista terminalis accentuated this nonuniformity (curved arrow) and was followed by a larger action potential (horizontal arrow), which resulted in retrograde conduction toward the interatrial septum (star). The initial local 876 responses suggested that this particular cell was not depolarized by the antegrade wavefront that was propagating toward the His bundle during conduction of the extrasystole. However, when the same extrasystole was accompanied by PGVS with the appropriate timing and intensity ( figure 8, B ) only the first part (local response) of the action potential (curved arrow) was recorded. The second, higher-amplitude portion of the action potential, as well as the retrograde activation of the interatrial septum, was absent, although conduction toward the His bundle was not influenced and the conduction time was not changed. AV nodal conduction was not homogeneous. Instead, we found partial or complete depression of conduction in one portion of the AV node while other portions were still capable of conduction. As shown in figure 1 , PGVS may affect two closely located N fibers quite differently, producing block in one (lower trace) but only delayed conduction in the other (upper trace). Importantly, vagal stimulation was introduced into the AV node, which functionally and anatomically represents a labyrinth of fibers with distinctly different properties. As observed by Watanabe and Dreifus,s inhomogeneous and decremental conduction through the AV node was observed in the presence of neighboring cells with different conduction properties, length, and/or connections. Recently Sherf et al.6 concluded on the basis of observed AV nodal histologic appearance and fine structure that "the action potentials probably pursue a tortuous or multi-directional, three-dimensional course through interweaving pathways," which represent a slow-conducting network.
The expected effect of vagal influence on the AV node should be a further accentuation of inhomogeneity and fragmentation of wavefronts. Hence, a similar acetylcholine-induced hyperpolarization in two neighboring cells (figure 1) could still be associated with alterations in local conductivity, since successful propagation of the wavefront is also dependent on the con-Vol. 74, No. 4, October 1986 tinuity and architecture of the adjacent cells of the distal AV nodal pathway.6 Furthermore, a nonuniform introduction of PGVS could have occurred in these experiments, in part because of the small size of the stimulating electrodes. However, even stimulation of the entire vagal trunk (in situ) as well as increased vagal tone (in vivo) may not similarly influence all nerve terminals. Moreover, nonuniform distribution of vagal output should be expected because of a variable density of nerve terminals and/or muscarinic receptors in different regions of the AV node.
Indeed, results of electrophysiologic experiments in which PGVS was used suggested that the highest density of nerve terminals and/or receptors should be expected in the N and nearby NH regions.2 The observations of Cranefield et al. and Hoffman8 that acetylcholine sensitivity varied in different parts of AV node also suggested a different muscarinic receptor density throughout the AV node. Similar results were shown for the sinus node, with the highest acetylcholine sensitivity in the primary pacemaker region.9 In addition, vagally induced fragmentation of sinoatrial conduction has also been reported. 10 Morphologically, distinct cellular zones were clearly shown by histologic and histochemical studies of rabbit,"' 12 AV nodal electrophysiologic behavior and its fine structure,6 1' the highest acetylcholinesterase activity of the "lower" AV nodal cells" corresponds to the N cellular region, where the major effects of PGVS were observed in the present studies. Nevertheless, a combined histologic-electrophysiologic study of the effects of vagal stimulation should be carried out to establish a more precise anatomic basis for vagally induced disorganization of AV nodal conduction.
The electrophysiologic evidence presented here appears to support the view that the nonuniformity of both the structure of the AV nodal net of pathways and the distribution of vagal terminals and/or muscarinic receptors are involved in the vagal control of conduction. In addition, the presence in the AV node of cells with predominantly either "slow channel" characteristics (N fibers) or "fast channel" characteristics (more distal NH fibers) may lead to acetylcholine-induced depression of conduction in the former and enhancement in the latter. For example, a decrease in the dV/dt of phase 0 in hyperpolarized N cells was a typical observation in our previous experiments, whereas more distal cells showed no change or even an increased dV/dt.i However, the proposed increase in conductivity is speculative, since dV/dt is not the only determinant of propagation velocity. For example, acetylcholine might also decrease the electrotonic interaction between the distal AV nodal cells, thus diminishing the effect of dV/dt. Effect of repetitive PGVS on the time course of changes in AV nodal conduction. The introduction of a single burst of vagal stimulation has been used frequently for studying sinus 6 l7 and AV noda12' 18, 19 responses. However, repetitive vagal stimulation might provide a more physiologic model for studying vagal control of AV nodal conduction. Indeed, in the intact animal, vagal control of heart rate and conduction seems to be discrete and noncontinuous in time, utilizing bursttype repetitive activity synchronized with the pulse wave. 20 Repetitive PGVS influenced AV nodal conduction in a similar manner to the single-burst PGVS in producing inhomogeneous depolarizations of AV nodal cells and reentry (figures 4 and 5). In this study we demonstrated an additional unique characteristic of the time course of the dromotropic response to repetitive PGVS, namely, the existence of a "dip" or relative shortening of the conduction time after the initial maximal prolongation and before the lesser secondary prolongation (figure 4). Martin2' was the first to demonstrate a secondary augmentation of AV nodal conduction time, but under different experimental con-878 ditions and during continuous vagal nerve stimulation for as long as 5 min in the dog.
We found that the initial maximal prolongation of AV nodal conduction time was achieved within the first several beats after the onset of PGVS ( figure 4 ). This could, in part, be explained by a gradual but more negative level of hyperpolarization ( figure 5 ). We found that the initial depression of AV nodal conduction corresponded well to the observed fragmentation and inhomogeneous depolarization of AV nodal cells, and a reentry mechanism was also suggested (figure 5).
The "dip" in the time course of change in conduction time cannot be explained solely by a suggested temporary decrease in the total amount of acetylcholine because of its more intensive hydrolysis ( figure 4 ). The fact that despite continuous PGVS there was no further hyperpolarization but, instead, increased diastolic depolarization (figure 5) is in agreement with the proposed mechanism of activation of hyperpolarizationinduced inward current. 22 Thus our data suggest that repetitive PGVS triggers at least two parallel and opposite mechanisms responsible for the observed phenomenon. (1) An increase in the inhomogeneity of the conduction wavefront may be caused by acetylcholineinduced changes in cellular membrane characteristics. This is reflected by the increased cellular action potential disorganization as manifested by the distorted and humped action potentials and evidence for local reentry. The initial peak in the curve depicting the time course of change in conduction time reflects the predominance of this mechanism (figure 4). (2) A rebound process, probably reflecting the hyperpolarization-induced increase in inward current, may be active. This leads to decreasing hyperpolarization steps, increasing diastolic depolarization, and subsequently a relatively improved organization of conduction. However, the exact mechanism leading to the observed improvement in organization remains unclear. The "dip" in the time course of AV nodal conduction time seems related to this process. It is less probable that at this time muscarinic receptor desensitization should be considered a major factor. Indeed, the "dip" was observed shortly after the beginning of PGVS and before the secondary increase in the conduction time when the receptors' desensitization should be even more pronounced ( figure 4) .
However, desensitization of the muscarinic receptors could be an adequate explanation of experimentally proven decay of membrane responses to prolonged vagal or acetylcholine influence in cardiac tissues from different species.23-26 Such desensitization might well CIRCULATION LABORATORY INVESTIGATION-ELECTROPHYSIOLOGY explain the lack of hyperpolarization shifts during later bursts of PGVS. However, despite this desensitization, AV nodal conduction time showed a secondary increase, indicating the involvement of additional mechanisms. Later bursts of PGVS were associated with more homogeneous action potential depolarizations. However, the diastolic depolarization and amplitude of the action potential were depressed compared with control. It is possible that inhibition of slow inward current with slower kinetics27 might be responsible for the secondary depression of AV nodal action potentials, whereas muscarinic receptor desensitization could explain the lack of hyperpolarization shifts produced by individual later bursts of PGVS. Some alternative mechanisms might also be considered. For example, one cannot rule out the hypothesis that accumulation of K' in intercellular spaces'7 might lead to an acceleration of the Na -K' pump, thus depressing diastolic depolarization, as shown in the experiments of Wallick et al. 28 Whatever the exact mechanism(s) might be, the later, secondary effects resulted in relatively more homogeneous, yet depressed antegrade AV nodal conduction in the present experiments.
PGVS and AV nodal reentry. As discussed above, one of the major effects of PGVS on the AV node was the increased inhomogeneity of depolarization of AV nodal cells. Analysis of the records in figures 1, 2, and 5 suggested concealed reentry within the node. Although the exact reentry loop in these instances was unknown, the N fiber labyrinth was probably responsible.6' 1 This type of reentry is explained in terms of alternative pathways produced by N fibers with different degrees of depression. That is, PGVS blocked the antegrade conduction in a certain population of N cells that were later depolarized by a retrograde movement.
In our experiments it was more difficult to produce manifest AV nodal reentry by PGVS. In the example shown in figure 6 this was achieved by additional "conditioning" extrastimuli, although neither they nor PGVS alone caused reentry in this instance. When appropriately timed extrastimuli were combined with PGVS, increased fragmentation of conduction resulted, producing block in one part of the node (figure 6, B), which was later available for activation retrogradely toward the interatrial septum. The resulting reentry probably utilized perinodal fibers as was previously shown.4
In contrast, when manifest reentry was triggered by the extrastimulus technique, PGVS was able to terminate the reentry circuit at its entrance or exit from the N region of the AV node (figure 7, D and E).
Our data do not support a model in which the AV Vol. 74, No. 4, October 1986 node is considered to consist of two (parallel) channels, "fast" and "slow," one of which is postulated to be more easily blocked by vagal stimulation. Although such a simple model can explain some clinically observed conduction phenomena associated with increased vagal activity,29 30 the precise anatomic and electrophysiologic basis for such a model within the AV node has not been completely elucidated. In contrast, our data are in agreement with the originally proposed hypothesis of dual inputs to the N region suggested by Mendez and Moe.31 In that model, two input "pathways" (alpha and beta) operated in the AN region and converged in the final common pathway in the N region.3' They may well represent functionally and anatomically the posterior and anterior inputs to the node.4 1132,33 Thus, without directly affecting the AN region of the node, PGVS can nevertheless influence this region through the connections of bordering N and AN cells. In this way, for example, PGVS could have modified the reentry shown in figures 7, C, and 8, B, preventing in this instance the depolarization of the anterior AN region of AVN.
Anatomically, the N region consists of a large number of possible conduction routes6 rather than two distinct pathways. Thus, without assuming depression of fixed "fast" or "slow" channels, the influence of PGVS on AV nodal conduction can be better explained by electrophysiologic mechanisms involving increased inhomogeneity in and around the N region, since this region is mainly affected by the vagal input to the AV node.
